Introduction {#Sec1}
============

Parkinson's disease is the most prevalent neurodegenerative disease second only to Alzheimer's \[[@CR1]\]. Initially, PD was defined as a motor disorder induced by the loss of dopamine neurons in the substantia nigra pars compacta and the formation of the proteinaceous fibrillar cytoplasmic inclusions called Lewy bodies. Today, mood, cognition, and metabolic impairments are recognized as non-motor symptoms of PD and have been the subject of increasing research in recent decades. Interestingly, many of the non-motor symptoms of PD precede the development of motor disorders \[[@CR2]--[@CR5]\].

Orexin (hypocretin) is a neurotransmitter exclusively produced by orexin neurons located predominantly in the lateral hypothalamus (LH). Major roles for orexin in hypothalamic-regulated physiological functions, including eating behavior, sleep, and spontaneous physical activity \[[@CR6]--[@CR11]\] have been demonstrated, but the complex projection pattern of orexin neurons \[[@CR12], [@CR13]\] suggest orexin system involvement in a variety of different processes. Indeed, recent studies indicate that orexins contribute to mood, sleep, cognition, stress, anxiety, and pain regulation \[[@CR14]--[@CR20]\]. It has also been shown that the orexin system is impaired in PD. Reduced levels of orexin in cerebrospinal fluid \[[@CR21], [@CR22]\] as well as orexin neuronal loss occur in the late stages of the disease \[[@CR23], [@CR24]\], and impairment in orexin circuitry function leads to sleep deficits in PD \[[@CR25], [@CR26]\].

The first goal of this study was to determine if the orexin system impairments occurs with the early hippocampus (Hipp) dependent memory deficits in A53T mice. The second goal was to determine if orexin intervention ameliorates A53T-associated changes in Hipp-dependent memory. Hipp-dependent memory assessment was performed using the Barnes maze (BM) assay and the contextual object recognition test (CORT). The BM and CORT are behavioral assays commonly used to measure spatial memory performance and contextual dependent memory, respectively, both of which are associated with Hipp function. For the orexin intervention, we first used intracranial orexin delivery directly to the CA1 region of the Hipp, and then used a chemogenetic approach, to stimulate orexin neurons. Orexin-neuron targeted expression of genetically modified designer receptors exclusively activated by designer drugs (DREADD) was generated using virus containing a DREADD construct encoded in an inverted open reading frame and flanked by lox-p recombination sites, which was stereotaxically injected into the lateral hypothalamus (LH) of orexin-Cre (orx-Cre) and orx-Cre/A53T mice. In orx-Cre mice, Cre-recombinase expression is driven by the Orx promoter, which is exclusive for orexin neurons.

The current studies showed that orexin cell loss was not observed in A53T mice in the early stages of the disease. Finally, both pharmacological and chemogenetic treatment ameliorated cognitive impairments detected in A53T mice. These findings suggest that orexin circuitry dysfunction exists in the A53T mice model of PD and an important role of orexin in Hipp-mediated memory deficits in PD.

Materials and methods {#Sec2}
=====================

Animals and ethics statement {#Sec3}
----------------------------

All experimental procedures in this study were approved by the University of Minnesota Animal Care and Use Committee. Mice were maintained on a 12 h light/dark cycle with chow and water ad libitum. Adult male C57BL/6 J (WT), A53T (Hu alpha-Syn (A53T) transgenic line A53T), orx-Cre and orx-Cre/A53T animals were used for this study. The orx-Cre mice were initially obtained from Prof. Takeshi Sakurai (Kanazawa University, JA) and bred on the C57BL/6 J background in our colony. Generation and initial phenotyping of heterozygous orx-Cre and wild type mice was conducted, and has been described previously \[[@CR27], [@CR28]\]. The A53T mice were obtained from the Jackson Laboratory (ME, US) and bred on a C57BL/6 J background in our colony or obtained from Professor Michael Lee (University of Minnesota). Heterozygous A53T mice were generated and characterized as described previously \[[@CR29]\]. Orx-Cre/A53T mice were generated by crossing orx-Cre positive females and A53T positive males.

Barnes maze {#Sec4}
-----------

The Barnes maze test was performed as previously described \[[@CR30]\]. The test consists of training (4 days) and test (1 day) trials. The Barnes test exploits the tendency of mice to escape from brightly lit exposed spaces to dark, enclosed spaces. A round platform (100-cm diameter) with 20 holes equally spaced along the periphery was used (San Diego Instruments, CA). The maze was elevated above the floor (100 cm), visual cues were present on the walls of the testing room (within 1--2 m of the maze), and light intensity was set to 200 lx. One hole was connected to an escape box during training, and mice were trained to learn the escape box location over the course of 4 days with 4 trials per day. The maximum length of each training session was 3 min, and the inter-trial interval was 15--20 min. The maze was wiped with 70% EtOH and rotated 90° between each session. Average escape latency was determined daily. A 90 s long probe test was conducted on day 5 with escape box removed. Maze exploration during the probe test was analyzed by calculating time spent in each quadrant (target, + 1, − 1, and opposite). All behaviors were recorded and analyzed using ANY-maze software (San Diego Instruments, CA). All experiments were performed in the morning, between 8 AM and 12 PM.

Contextual object recognition {#Sec5}
-----------------------------

The CORT was performed as previously described \[[@CR31]\] with slight modifications. The procedure lasts 2 days and consists of 3 phases: day 1 = habituation, day 2 = training + test phase. The animals are able to distinguish between the familiar object in the same context and the familiar object in the non-matching context resulting in more exploratory behavior towards the object that is replaced in the non-matching environment. Two type of enclosures (context A, context B) were used for CORT. Oval, white, opaque, clear enclosure (L x W x H: 32 × 12.5 × 20 cm) and rectangular, white, opaque enclosure with the distinctive visual cues on the walls (L x W x H: 45 × 25 × 20 cm). In the habituation phase (day 1) mice were placed in the box without objects and with no wall cues to freely explore for 10 min. In the training phase (day 2) mice encountered the objects for the first time (two identical objects in a specific context and two other identical objects in another context). The mice are placed in a box (context A) that has no cues on the walls but contain two identical objects for 10 min. After 1 min retention time in the home cage, the mouse is placed for 10 min into another box (context B) with cues on the walls in the form of stripes and which contains two new identical objects. In the test phase (day 3) mice are placed in the context where one of the identical objects is replaced by the other object. For the test phase, the mouse is placed for 10 min in context B containing one object which was present in context B on day 2 and one object which was present in context A on day 2. Discrimination ratio, as a measure for object-in-context recognition memory is calculated as time spent with the novel object compared to the total exploration time of both objects using the following formula: tnovel/(tnovel + tfamiliar).

Intracranial cannulations and orexin a injections {#Sec6}
-------------------------------------------------

Mice were anesthetized with an isoflurane mixture (3% for induction, and 1.5% for maintenance), and implanted with bilateral 26-gauge stainless steel cannulae (Plastics One, VA) directed towards the cornus ammonis area-1 (CA1) of dorsal hippocampus (AP: -1.82/DV: -1.7/ML: ±1.3 mm; mm from bregma; 333 nl/5 min) \[[@CR32]\]. The injector extended 0.2 mm beyond the tip of the cannula. Animals recovered for 10 days. Prior to artificial cerebrospinal fluid (aCSF)/orexin A injections, animals were acclimated to the restraint and injection procedure with 3 days of artificial aCSF infusion. The infusions of either aCSF 0.2 μl per site (Harvard Apparatus, Holliston, MA USA) or orexin A (American Peptide Co., CA) 250 pmol/0.2 μl per site were made using a syringe pump (KD Scientific Inc., MA) coupled to a Hamilton syringe (Series 7000, Sigma-Aldrich, MO). The animals were gently scuffed to place the bilateral injector into the guide cannula and injectate was delivered into both hemispheres simultaneously over 1 min. All injections occurred between 9 and 11 AM.

Viral injections {#Sec7}
----------------

Animals were anesthetized with isofluorane mixture (3% for induction, and 1.5% for maintenance) and placed in a stereotactic apparatus (Kopf Instruments). DREADD targeting was achieved by stereotaxic injection of a Cre-dependent AAV vector expressing a double-floxed inverted open reading frame (DIO) around the DREADD transcript and a fluorescent tag (mCherry). Vectors (AddGene, MA) were injected into the LH (AP: -1.8/DV: -5.5/ML: ±0.9 mm from bregma; 333 nl/5 min) \[[@CR32]\] of orx-Cre or orx-Cre/A53T mice. Control groups were injected with pAAV-hSyn-DIO-mCherry (AAV8, 2.1 × 10^13^ GC/ml) (cDREADD). Excitatory neuromodulation was achieved via Gq-coupled pAAV-hSyn-DIO-hM3D (Gq)-mCherry (AAV8, 2.5 × 10^13^ GC/ml) (qDREADD). Animals recovered from the surgery for 4 weeks and were randomly assigned to appropriate experimental groups prior to testing.

Immunohistochemistry {#Sec8}
--------------------

Mice were perfused intracardially with ice-cold saline, followed by 20 ml of 4% paraformaldehyde (PFA) in PBS (phosphate buffered saline). Brains were harvested and post-fixed in 4% PFA/PBS overnight at 4 °C, followed by 30% (w/v) sucrose in PBS solution at 4 °C until the brains sank. The brains were imbedded in OCT (Optimal Cutting Temperature Compound; Sakura, CA), frozen in dry ice cooled ethanol, and then immediately cut. Coronal brain sections were collected and stored in cryoprotectant (30% (w/v) sucrose, 30% (v/v) Ethylene glycol, 1% (w/v) PVP-40 in PB). Brain sections were washed six times for 5 min with PBS (0.1 [m]{.smallcaps} PBS, pH 7.4). After washing sections were incubated with 5% normal horse serum in PBST for 2 hours at room temperature. After washing three times in PBST (0.01% Tween in PBS), the sections were incubated with primary antibodies (mouse anti-p-α-syn (Alpha-synuclein (phospho S129)), Abcam, MA; rabbit anti-GFAP, Abcam, MA; guinea pig anti-IBA1 (anti-ionized calcium binding adaptor molecule 1,), Novus Biologicals, CO; goat anti-orexin A, Santa Cruz, CA; rabbit c-Fos, Santa Cruz, CA; 1:1000) overnight at RT on a platform shaker. Brain sections were washed in PBST four times for ten min after primary antibody incubation and incubated with secondary antibodies conjugated with Alexa Fluor dyes (donkey anti-mouse, donkey anti-rabbit, donkey anti-goat, donkey anti-guinea pig; 1:500, Invitrogen, CA). Brain sections were then washed four times for ten min in PBST and then mounted with ProLong Gold mounting media (Invitrogen, CA).

Immunofluorescence imaging and image analysis {#Sec9}
---------------------------------------------

Immunofluorescence images for GFAP and IBA1 densitometry, and IBA1 positive cell density experiments were captured using the Nikon Eclipse NI-E microscope (Nikon, JA), with a monochrome Nikon Black & White camera DS-QiMc (Nikon, JA). Each fluorochrome is represented as a pseudo-color in the images. For quantification of GFAP and IBA1, every 6th coronal sections from − 1.34 to − 2.30 bregma \[[@CR32]\] (four in total) containing CA1 Hipp region were collected and analyzed. Optical density was determined with image analysis software (Image J, National Institutes of Health) by measuring the mean gray value of the CA1 Hipp (20x magnification, two images per area, eight in total). For IBA cell density, Z-stack images (5 μm step) were captured using 20x magnification. The IBA positive cell density in CA1 Hipp region was determined using Image J by counting the positive cells in two areas of the CA1 and of every 6th section (eight in total) and divided by ROI area.

Unbiased stereology {#Sec10}
-------------------

Unbiased stereology analysis with optical fractionator probe within the Stereo Investigator 11.1.2 software (MBF Bioscience, VT) was used to quantify the number of orexin A positive cell population in LH. Sections were cut at 40 μm to allow for an 18 μm dissector height within each section after dehydration and mounting. Systematic sampling of every 3rd section was collected through the orexin field beginning at bregma − 0.94 and finishing at − 2.18 \[[@CR32]\], with the first sampled set of sections chosen at random. Sections were imaged using an Axio Imager M2 fluorescence microscope (Zeiss, DE). Orexin field boundaries were used to outline contours at 5x magnification. Cells were counted using a randomly positioned grid system controlled by Stereo Investigator in a previously defined region in all optical planes. Guard zones were set at 10% of the section thickness to account for damage during the staining procedure. The Grid size was set to 100 × 100 μm and the counting frame to 80 × 80 μm. Counting was performed on 63x magnification (oil). The average coefficient of error (CE, m = 1) ratio for all of the mice imaged was 0.085. On average approximately 260 neurons were counted throughout the entire orexin field of each mouse to give an acceptable coefficient of error (CE) (Gunderson method) of 0.085 using the smoothness factor m = 1. The CE provides a means to estimate sampling precision, which is independent of natural biological variance. As the value approaches 0, the uncertainty in the estimate precision reduces. CE \< 0.1 is deemed acceptable within the field of stereology. Cells were only counted if they touched the inclusion border or did not touch the exclusion border of the sampling grid.

Statistical analyses {#Sec11}
--------------------

All data were analyzed using either Prism 6.0 (GraphPad Software, CA) or SPSS (IBM, NY). Statistical analyses of phenotyping behavioral data were performed using a two-way ANOVA followed by Sidak's post-hoc analysis. Statistical analyses of pharmacological intervention studies were performed using a one-way ANOVA followed by Tukey's post-hoc analysis. Statistical analyses of DREADD behavioral data were performed using a one-way ANOVA followed by Tukey's post-hoc analysis. Unbiased stereology data densitometry and IBA1 cell count data for phenotyping study were analyzed using Student's T test.

Experimental design and exclusion criteria {#Sec12}
------------------------------------------

The initial phenotyping study was performed on male 3, 5, and 7-month-old WT and A53T mice. Animal numbers used in the behavioral tests were as follows: BM, *n* = 12/group (3, 5, 7 mo); CORT, 3 mo WT/A53T, *n* = 11/group; 5 mo WT, *n* = 10/group, 5 mo A53T, n = 11/group; 7 mo, WT/A53T, n = 11/group. Three days following the behavioral assays, the animals were sacrificed, and their brains were collected for analysis. Five-month old mice (*n* = 5 per group) were used for IHC analysis. For GFAP and IBA IHC analysis every 6th coronal section containing Hipp from − 1.34 to − 2.30 bregma was collected, stained and analyzed. For the unbiased stereology analysis of orexin neuron numbers, 7-month WT and A53T animals were used. Every third section from − 0.94 to − 2.18 bregma was collected and analyzed using the Stereo Investigator 11.1.2 software. Seven-month WT and A53T animals were used for the unbiased stereology analysis (*n* = 4/group).

For the pharmacological orexin intervention studies 5-month old WT and A53T mice were used. Following a 2-week post-surgery recovery period animals were introduced to the CORT, and observed for performance. Prior to the training phase of the CORT (day 2) mice were injected with either artificial cerebrospinal fluid (aCSF) (WT aCSF; A53T aCSF) or orexin A (WT orexin A; A35T orexin A) and introduced to the CORT (*n* = 9/group).

To test if CNO affects Hipp-dependent memory, 5-month old orx-Cre and orx-Cre/A53T mice were used. Animals were subjected to viral intracranial injections containing cDREADD. Four weeks following surgery animals were introduced to the behavioral CORT. Mice were injected with either saline (orx-Cre cDREADD saline; orx-Cre/A53T cDREADD saline) 30 min prior the behavioral test or CNO (3 mg/kg) dissolved in saline (orx-Cre cDREADD CNO; orx-Cre/A53T cDREADD CNO) 30 min prior the behavioral test (*n* = 6/group).

The chemogenetic study was performed in male 5-month old orx-Cre and orx-Cre/A53T animals given viral intracranial injections containing either cDREADD or qDREADD. After a 4-week recovery period, animals were introduced to the behavioral CORT. Mice were injected with 3 mg/kg of CNO dissolved in saline 30 min prior to the start of the training phase (day 2) (orx-Cre cDREADD CNO; orx-Cre qDREADD CNO; orx-Cre/A53T cDREADD CNO; orx-Cre/A53T qDREADD CNO) (*n* = 10/group).

For orexin and orexin neuronal stimulation effects on inflammation and astrogliosis, 5-month old male animals received either pharmacological injection of orexin A or chemogenetic simulation of the orexin neurons. For the pharmacological study mice received either aCSF (0.2 μl per site) or orexin A (250 pmol/0.2 μl per site) once daily for 10 consecutive days. Experimental groups: WT aCSF, WT orexin A, A53T aCSF, A53T orexin A. For DREADD study, mice received CNO (3 mg/kg) once daily for 10 consecutive days. Experimental groups: orx-Cre cDREAD CNO, orx-Cre qDREAD CNO, orx-Cre/A53T cDREAD CNO, orx-Cre/A53T qDREAD CNO). One day (24 h) following the last treatment animals were sacrificed and every 6th coronal section containing Hipp from − 1.34 to − 2.30 bregma was collected, stained and analyzed (*n* = 5/group).

All animals used in the chemogenetic study were perfused, and their brains were collected for cannulation/injection placement confirmation. Coronal sections containing LH from − 0.94 to − 1.94 bregma were collected and analyzed. Animals were excluded from the experiment if post-hoc histological analyses showed inaccurate cannula/viral injection placement. Mice were observed for neurological deficits and underperformance in behavioral tests. For the pharmacological study a total of 39 mice were cannulated. Three mice were excluded due to neurological issues (lethargy and immobility). For the CNO effects on Hipp dependent cognition study a total of 28 mice were subjected to surgeries. Four mice were excluded due to incorrect viral injection placement. For the effects of chemogenetic stimulation of orexin neurons on Hipp-dependent memory study the total of 51 mice were subjected to surgeries. Three mice were excluded due to neurological issues (lethargy and immobility), while 8 mice were excluded due to incorrect viral injection placement. For DREADD expression confirmation the brains from all animals were analyzed, whereas for c-Fos analyses, only animals with the qDREADD were injected with either saline or CNO (5 mg/kg) 90 min prior to perfusion to confirm functional activation of the DREADD in orexin neurons by c-Fos (immediate early gene) labeling. Every sixth coronal section containing LH from − 0.94 to − 1.94 bregma (*n* = 5 per group) was stained for orexin A and c-Fos and then analyzed and every 6th coronal section containing Hipp from − 1.34 to − 2.30 bregma was stained for c-Fos and then analyzed.

Results {#Sec13}
=======

Early hippocampus-dependent memory impairment in A53T mice {#Sec14}
----------------------------------------------------------

To assess Hipp-dependent memory we used 3, 5 and 7-month old WT and A53T mice. Compared to WT controls of the same age A53T mice showed an increased latency to escape in the Barnes maze test on day 3 of the training at 3 months of age (\*\*\**p* \< 0.005, Fig. [1](#Fig1){ref-type="fig"}a). Increased latency to escape in A53T mice was observed at training days 3 and 4 in 5-month old mice (\**p* \< 0.05, \*\**p* \< 0.01, Fig. [1](#Fig1){ref-type="fig"}b). In 7-month old A53T mice, increased latency to escape was observed at training days 2, 3 and 4 (\*\**p* \< 0.01, \*\*\**p* \< 0.005, Fig. [1](#Fig1){ref-type="fig"}a). Relative to control animals, time spent in the target zone was decreased in 5-month old (\*\**p* \< 0.01, Fig. [1](#Fig1){ref-type="fig"}d) and 7-month old A53T mice (\*\*\**p* \< 0.005, Fig. [1](#Fig1){ref-type="fig"}d). There was also an age-dependent reduction of time spent in the target zone between 3- and 7-month old A53T mice (\*\**p* \< 0.01, Fig. [1](#Fig1){ref-type="fig"}d), suggesting progressive decline of Hipp-dependent memory task performance. The A53T mice performed similarly in another Hipp-dependent memory task, CORT. Increases in time spent exploring a familiar object was observed between 3 and 7-month old A53T mice (\**p* \< 0.05, Fig. [2](#Fig2){ref-type="fig"}c). At 7 months of age A53T mice spent more time investigating a familiar object compared to WT littermates (\*\*\**p* \< 0.005, Fig. [2](#Fig2){ref-type="fig"}c). Discrimination ratio decreases in the CORT were observed in 5-month old (\*\*\**p* \< 0.005, Fig. [2](#Fig2){ref-type="fig"}d) and 7-month old A53T mice (\*\*\**p* \< 0.005, Fig. [2](#Fig2){ref-type="fig"}d) when compared to WT controls. A progressive, age-dependent decrease in discrimination ratio was observed between 3 and 7-month old A53T mice (\*\*\**p* \< 0.005, Fig. [2](#Fig2){ref-type="fig"}d). Fig. 1Barnes maze performance for 3, 5, and 7 months old WT and A53T mice. (*A-C*) Latency to escape. In 3-month old mice reduced latency to escape of A53T mice was observed only at day 3 of the training phase (**a**). In 5-month old A53T mice latency to escape was decreased in both day 3 and 4 of the training phase (**b**). In 7-month old A53T mice latency to escape was decreased in training phase days 2, 3 and 4 (**c**). The A53T mice showed reduced time spent in target zone at 5 and 7 months of age compared to WT controls (**d**). Progressive age-dependent reduction of time spent in target zone was observed in A53T mice (**d**). (*n* = 12/group; two-way ANOVA, Sidak; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.005) Fig. 2Contextual object recognition test performance for 3, 5, and 7 months old WT and A53T mice. No statistically significant differences were observed in total number of entries in 3, 5 and 7-month old WT and A53T mice (**a**). No statistically significant differences were observed in total exploration time in 3, 5 and 7-month old WT and A53T mice (**b**). No statistically significant differences were observed in novel object exploration time in 3, 5 and 7-month old WT and A53T mice (**c**). Time spend exploring familiar object was increased in 7 mo A53T compared to WT mice (**d**). Age-dependent effects on familiar object exploration time increase was observed in A53T mice (**d**). Decrease in discrimination ratio in A53T mice was observed at 5 and 7 months of age compared to WT mice of the same age (**e**). Age-dependent decrease in discrimination ratio was observed in A53T mice. (3 mo WT/A53T, *n* = 11/group; 5 mo WT, *n* = 10/group; 5 mo A53T, *n* = 11/group; 7 mo WT/A53T, *n* = 11/group; two-way ANOVA, Sidak; \**p* \< 0.05, \*\*\**p* \< 0.005)

Densitometry analysis of GFAP and IBA1 expression and IBA1 and orexin a positive cell numbers {#Sec15}
---------------------------------------------------------------------------------------------

The expression of GFAP, a marker of astrogliosis, was increased in A53T mice in the Hipp as compared to their age-matched controls (\*\**p* \< 0.01; Fig. [3](#Fig3){ref-type="fig"}g). An increase in IBA1 expression in the Hipp of the A53T mice was observed (\*\**p* \< 0.01; Fig. [3](#Fig3){ref-type="fig"}h), which was accompanied by increased numbers of IBA1 positive cells (\*\**p* \< 0.01; Fig. [3](#Fig3){ref-type="fig"}i) in the CA1 region of the Hipp. The A53T mice did not show reduced orexin neuron numbers in the LH (Fig. [3](#Fig3){ref-type="fig"}j), indicating an absence of orexin neuron loss in A53T mice at 7 months of age. Fig. 3Immunofluorescence (IF) analysis of the hippocampal GFAP and IBA1 expression in CA1 Hipp region and orexin A positive cell numbers in LH of the WT and A53T mice. Representative IF microphotographs of the DAPI, p-α-syn, GFAP, IBA1 and merged image in 5-mo WT mice (**a**, **b**) and A53T mice (**c**, **d**). Representative high-magnification (20x) IF images (**b**, **d**) were used for densitometry analysis. Representative low-magnification (10x) IF images of orexin field (**e**) and high magnification images of orexin neurons (**f**, 63x, oil). Image J was used to quantify the intensity of GFAP and IBA1 staining and density of IBA1 positive cells. The A53T mice showed an increased expression of GFAP (**g**) and IBA1 (**h**) compared to WT mice. The A53T mice showed increased density of IBA1 positive cells (**i**) and no change in orexin A positive cell numbers (**j**). (*n* = 5/group; Student's T test; \*\**p* \< 0.01)

Intracranial injection of orexin a and chemogenetic activation of orexin neurons ameliorates hippocampus-dependent memory impairment {#Sec16}
------------------------------------------------------------------------------------------------------------------------------------

Compared to WT aCSF-treated mice, A53T aCSF-treated mice showed increased familiar object exploration time of familiar objects (Fig. [4](#Fig4){ref-type="fig"}d). Reduced discrimination ratio in CORT was observed in A53T aCSF-treated mice when compared to that in WT aCSF-treated mice, \*\*\**p* \< 0.005, Fig. [4](#Fig4){ref-type="fig"}e), and that in WT orexin A-treated animals (\*\*\**p* \< 0.005, Fig. [4](#Fig4){ref-type="fig"}e). Intracranial orexin A injections increased discrimination ratio in A53T orexin A-treated mice when compared to A53T aCSF-treated mice (\*\**p* \< 0.01, Fig. [4](#Fig4){ref-type="fig"}e). Finally, difference in discrimination ratio in CORT was observed between WT orexin A-treated mice and A53T orexin A-treated mice (\*\**p* \< 0.01, Fig. [4](#Fig4){ref-type="fig"}e). Fig. 4Contextual object recognition test performance for saline and orexin A-treated 5 months old WT and A53T mice. No statistically significant differences were observed in total number of entries between experimental groups (**a**). No statistically significant differences were observed in total exploration time between experimental groups (**b**). No statistically significant differences were observed in novel object exploration time between experimental groups (**c**). Time spend exploring familiar object was increased in WT saline-treated mice compared to WT orexin A-treated (**d**). Decrease in discrimination ratio was observed in A53T saline-treated mice compared to WT saline-treated mice as well as in A53T orexin A-treated mice compared to WT orexin A-treated mice (**e**). Orexin A intervention ameliorated increased discrimination ratio in A53T mice (**e**). Differences in discrimination ratio were observed between WT orexin A-treated mice and A53T saline-treated mice as well. (*n* = 9/group; one-way ANOVA, Tukey's; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.005)

Prior to pursuing chemogenetic studies, we addressed a recent report \[[@CR33]\] indicating that CNO does not readily cross the blood-brain-barrier in vivo*.* Further, it was reported that CNO converts to clozapine in vivo, which has antipsychotic properties and may affect performance on cognitive-based tasks. Therefore, to exclude the potential independent actions of clozapine in our assay readouts, prior to the DREADD experiment, we performed the CORT in orx-Cre cDREADD and orx-Cre/A53T cDREADD mice to assess if CNO alone affected Hipp-dependent memory. As shown in Fig. [5](#Fig5){ref-type="fig"}, there were no effects of CNO on CORT performance, suggesting that the conversion of CNO to clozapine does not affect the outcomes. Fig. 5CNO effects on hippocampus-dependent memory in 5-month old orx-Cre and orx-Cre /A53T mice. No statistically significant differences were observed in total number of entries between experimental groups (**a**). No statistically significant differences were observed in total exploration time entries between experimental groups (**b**). No statistically significant differences were observed in novel object exploration time entries between experimental groups (**c**). No statistically significant differences were observed in familiar object exploration time between orx-Cre cDREADD saline vs orx-Cre cDREADD CNO as well as between orx-Cre/A53T cDREADD saline vs orx-Cre/A53T cDREADD CNO (**d**). CNO treatment did not affect discrimination ratio in both orx-Cre and orx-Cre/A53T mice. No statistically significant differences were observed in discrimination retio between orx-Cre cDREADD saline vs orx-Cre cDREADD CNO as well as between orx-Cre/A53T cDREADD saline vs orx-Cre/A53T cDREADD CNO (**e**). (*n* = 6/group; one-way ANOVA, Tukey's)

To test if chemogenetic orexin neuronal activation modulation can mitigate changes in Hipp-dependent memory in A53T mice, we subjected mice to the CORT. Compared to the orx-Cre cDREADD animals, orx-Cre/A53T c DREADD mice showed a reduced discrimination ratio (orx-Cre cDREADD CNO vs. orx-Cre/A53T cDREADD CNO; \*\*\**p* \< 0.005; Fig. [6](#Fig6){ref-type="fig"}g). DREADD induced activation of orexin neurons did not affect the discrimination ratio in orx-Cre mice, but DREADD induced activation of orexin neurons in orx-Cre/A53T mice increased the discrimination ratio (orx-Cre/A53T cDREADD CNO vs. orx-Cre/A53T qDREADD CNO; \**p* \< 0.05) (Fig. [6](#Fig6){ref-type="fig"}g). A reduced discrimination ratio was observed in cDREADD orx-Cre/A53T mice as compared to that in cDREADD orx-Cre mice (orx-Cre cDREADD CNO vs. orx-Cre/A53T cDREADD CNO; \*\*\**p* \< 0.005) (Fig. [6](#Fig6){ref-type="fig"}g). Compared to orx-Cre qDREADD mice both orx-Cre/A53T cDREADD (orx-Cre qDREADD CNO vs. orx-Cre/A53T cDREADD CNO; \*\*\**p* \< 0.005) and orx-Cre/A53T qDREADD mice (orx-Cre cDREADD CNO vs. orx-Cre/A53T qDREADD CNO; \*\**p* \< 0.01) showed reduced discrimination ratios (Fig. [6](#Fig6){ref-type="fig"}g). Fig. 6Chemogenetic modulation of hippocampus-dependent memory in 5-month-old orx-Cre/A53T mice. Schematic diagram of AAV vector encoding DREADD-mCherry driven by the human synapsin promoter (hSyn) promoter sequence and flanked by dual flox sites for recombination in the presence of Cre-recombinase (**a**). Cre expression in orx-Cre mice is driven by the prepro-orexin-promoter. Schematic representation of DREADD virus injection site within the lateral hypothalamus (LH) (**b**). DREADD-virus constructs were injected bilaterally (333 nl/5 min). No statistically significant differences were observed in the total number of entries between experimental groups (**c**). No statistically significant differences were observed in total exploration time between experimental groups (**d**). No statistically significant differences were observed in novel object exploration time between experimental groups (**e**). No statistically significant differences were observed in familiar object exploration time between experimental groups (**f**). Reduced discrimination in cDREADD orx-Cre/A53T mice was observed compared to cDREADD orx-Cre mice (**g**). Compared to orx-Cre qDREADD mice, both orx-Cre/A53T cDREADD and orx-Cre/A53T qDREADD showed reductions in discrimination ratio. CNO intervention increased discrimination ratio in orx-Cre/A53T qDREADD mice (**g**) compared to orx-Cre/A53T cDREADD mice. (*n* = 10/group; one-way ANOVA, Tukey's; \**p* \< 0.05, \*\*\**p* \< 0.005) Fig. 7Immunofluorescence (IF) analysis of hippocampal GFAP and IBA1 expression and IBA1 positive cell density in CA1 Hipp region. Representative IF microphotographs of the DAPI, p-α-syn, GFAP, IBA1 and merged image in 5-mo WT aCSF-treated mice (**a**), WT orexin A-treated mice (**b**), A53T aCSF-treated mice (**e**), and A53T orexin A-treated mice (**f**); Representative IF microphotographs of the DAPI, p-α-syn, GFAP, IBA1 and merged image in 5-mo orx-Cre cDREADD CNO-treated mice (**c**), orx-Cre qDREADD CNO (**d**), orx-Cre/A53T cDREADD CNO (**g**), and orx-Cre/A53T qDREADD CNO mice (**h**). Representative high-magnification (20x) IF images (**b**, **d**) were used for densitometry analysis. Image J was used to quantify the intensity of GFAP and IBA1 staining and density of IBA1 positive cells. Neither orexin A nor orexin neuron specific DREADD intervention had any effect on inflammation (**j, k, m, n**) and astrogliosis (**i, l**) (*n* = 5/group; one-way ANOVA, Tukey's; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.005) Fig. 8DREADD expression and functionality confirmation. Representative images displaying viral expression of DREADDs, and c-Fos in the lateral hypothalamus (LH) of saline-treated qDREADD mice (**a**, **b**) and CNO-treated qDREADD mice (**c**, **d**). Composite image displaying the spread of viral expression along the LH is depicted using rat brain atlas images \[[@CR32]\] (**e**)

Chronic pharmaceutical orexin a and chemogenetic orexin-specific intervention do not affect inflammation and astrogliosis {#Sec17}
-------------------------------------------------------------------------------------------------------------------------

For the pharmacological orexin A intervention study, increased GFAP expression was observed in aCSF-treated A53T mice and orexin A-treated A53T mice (WT aCSF vs. A53T aCSF, \*\**p* \< 0.01; WT aCSF vs. A53T orexin A, \*\**p* \< 0.01; WT orexin A vs. A53T aCSF, \*\**p* \< 0.01; WT orexin A vs. A53T orexin A, \*\**p* \< 0.01)), as compared to WT animals treated with aCSF and WT animals treated with orexin A (Fig. [7](#Fig7){ref-type="fig"}i). Increased IBA1 expression was observed in aCSF treated A53T mice and orexin A-treated A53T mice (WT aCSF vs. A53T aCSF, \*\**p* \< 0.01; WT aCSF vs. A53T orexin A, \*\*\**p* \< 0.005; WT orexin A vs. A53T aCSF, \*\*\**p* \< 0.005; WT orexin A vs. A53T orexin A, \*\*\**p* \< 0.005), as compared to WT animals treated with aCSF and WT animals treated with orexin A (Fig. [7](#Fig7){ref-type="fig"}j). When compared to WT animals treated with aCSF and WT animals treated with orexin A increased IBA1 cell density was observed in aCSF-treated A53T mice and orexin A-treated A53T mice (WT aCSF vs. A53T aCSF, \*\*\**p* \< 0.005; aCSF vs. orx-Cre/A53T orexin A, \*\*\**p* \< 0.005; WT orexin A vs. A53T aCSF, \**p* \< 0.05; WT orexin A vs. A53T orexin A, \**p* \< 0.05) (Fig. [7](#Fig7){ref-type="fig"}k).

For the orexin neuron stimulation study, increased GFAP expression was observed in orx-Cre/A53T qDREADD saline-treated mice and orx-Cre/A53T qDREADD CNO-treated mice (orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD saline, \*\*\**p* \< 0.005; orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD CNO, \*\*\**p* \< 0.005; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD saline, \*\*\**p* \< 0.005; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD CNO, \*\*\**p* \< 0.005) as compared to the orx-Cre qDREADD saline-treated mice and orx-Cre qDREADD CNO-treated mice (Fig. [7](#Fig7){ref-type="fig"}l). Increased IBA1 expression was observed in orx-Cre/A53T qDREADD saline-treated mice and orx-Cre/A53T qDREADD CNO-treated mice (orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD saline, \*\**p* \< 0.01; orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD CNO, \*\**p* \< 0.01; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD saline, \*\*\**p* \< 0.005; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD CNO, \*\*\**p* \< 0.005) as compared to orx-Cre qDREADD saline-treated mice and orx-Cre qDREADD CNO-treated mice (Fig. [7](#Fig7){ref-type="fig"}m). Increased IBA1 cell density was observed in orx-Cre/A53T qDREADD saline-treated mice and orx-Cre/A53T qDREADD CNO-treated mice when compared to orx-Cre qDREADD saline-treated mice and orx-Cre qDREADD CNO-treated mice mice (orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD saline, \*\**p* \< 0.01; orx-Cre qDREADD saline vs. orx-Cre/A53T qDREADD CNO, \**p* \< 0.05; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD saline, \**p* \< 0.05; orx-Cre qDREADD CNO vs. orx-Cre/A53T qDREADD CNO, \**p* \< 0.05) (Fig. [7](#Fig7){ref-type="fig"}n).

Confirmation of injection placement and DREADD functionality {#Sec20}
------------------------------------------------------------

All of the Orx-Cre/A53T mice used in the DREADD study were screened for orexin A, mCherry and c-Fos expression. Clear co-localization of orexin A and mCherry positive cells were observed in LH. The pattern of c-Fos expression after CNO administration indicated that a majority of orexin neurons responded to CNO treatment. The group of animals that received saline had minimal co-expression of orexin and c-Fos (Fig. [8](#Fig8){ref-type="fig"}). Furthermore, CNO treatment induced increase in c-Fos expression in the Hipp of the of the Orx-Cre/A53T mice, while saline did not affect c-Fos levels (n = 5/group; Student's T test; \*\**p* \< 0.01) (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).

Discussion {#Sec18}
==========

PD is an age-associated disease with a prevalence second only to Alzheimer's disease. As a result of increased life expectancy due to scientific advancements, the burden of PD is expected to double over the next generation \[[@CR34]\]. Since PD predominantly affects older adults, the need to develop strategies to meet the health care needs of individuals with PD is evident \[[@CR35]\]. While PD is classified as a movement disorder accompanied by the presence of abnormal protein particles, Lewy bodies, and the loss of dopamine neurons in the substantia nigra, recent studies have established the importance of non-motor symptoms of PD, including cognitive decline \[[@CR36]--[@CR39]\]. In this study, we hypothesized that early cognitive decline in the A53T mouse model of PD can be ameliorated by administration of orexin and by chemogenetic targeting of orexin-neurons.

In the first part of our experiment, we sought to confirm the early age-related Hipp-dependent memory impairment in A53T mice. Further, we tested if cognitive decline is accompanied by inflammation and astrogliosis in Hipp. In A53T mice, non-motor impairments were observed prior to the disease onset \[[@CR40]--[@CR43]\], including progressive memory deficits (Teraviskis et al., 2018, Singh et al., 2019). These mice spontaneously develop the neurodegenerative disease between 9 and 16 months of age with a progressive motoric dysfunction leading to death within 14--21 days of onset (Lee et al., 2002). Overexpression of A53T mutant human α-syn adversely affects neuronal function and increases neuronal toxicity \[[@CR44], [@CR45]\]. Inflammation and astrogliosis are contributing factors to PD \[[@CR46]\] and A53T-related pathology \[[@CR47]--[@CR49]\]. Furthermore, mutant human α-syn expression in A53T mice is associated with inflammation and astrogliosis \[[@CR49], [@CR50]\]. Finally, PD related pathology has been observed in different brain structures of the A53T mice including Hipp and cerebral cortex \[[@CR51]\].

Observation of Hipp-dependent memory in A53T mice at 3, 5 and 7 months of age confirmed the presence of early cognitive impairment. This finding agrees with recent studies \[[@CR52], [@CR53]\] addressing mechanisms of memory impairment in an A53T mouse model of PD. These studies emphasize the role of Tau protein in synaptic pathology of PD and show that synaptic loss is independent of neurodegeneration. Although differences in the latency to escape in the BM were detected at all observed ages, the time spent in the goal zone was reduced in 5 and 7-month old A53T mice. Mice performed similarly in the CORT. Differences in Hipp-memory dependent tasks were observed in A53T at 5 and 7 months of age. Since both astrogliosis and inflammation are associated with α-syn related pathology \[[@CR49], [@CR50]\] as well as with changes in behavior \[[@CR54]--[@CR56]\], it was of interest to determine the potential presence of inflammation and astrogliosis in the Hipp of the A53T mice. Indeed, we observed an increase in IBA1 expression as well as increased IBA1 cell numbers accompanied with increased GFAP expression in the CA1 region of the Hipp.

Due to the complex pattern of orexin neuronal projections, the orexin system is involved in the regulation of diverse functions including cognition and memory. Orexin deficiency results in learning and memory deficits while orexin enhances hippocampal neurogenesis and improves spatial learning and memory \[[@CR57]\].. Furthermore, Flores et al. \[[@CR18]\] showed that orexin neurons are engaged in the consolidation of fear conditioning and this effect was mainly observed in memories with a high emotional component. Although orexin neurons directly project to amygdala \[[@CR12], [@CR13]\], it is believed that the orexin system modulates amygdala-dependent memory indirectly through the locus coeruleus \[[@CR58]\]. Orexin release induced by fasting affects conditioned odor aversion learning by increasing both olfactory sensitivity and memory processes underlying the odor-malaise association\\ \[[@CR59]\]. Finally, a study from Yang et al. \[[@CR60]\] showed that orexin neurons contribute to Hipp-dependent memory and synaptic plasticity. In the current study, we did not observe orexin neuronal loss in A53T mice at 5 and 7 months of age. While these results preclude defining a role for orexin in the cognitive losses in young A53T mice, it is well known that synaptic loss and disruptions in neuronal communication precede neurodegenerative processes \[[@CR61], [@CR62]\]. Based on this idea, more studies are needed before the possibility of impaired orexin circuitry and function are excluded.

The second part of this study involved modulation of Hipp-dependent memory impairment as well as inflammatory/astrogliosis responses using both pharmacological and chemogenetic approaches. Being primarily perceived as a motor disorder, the diagnosis of PD often relies on the presence of specific motor symptoms. In recent years however, non-motor symptoms are being recognized as an integral part of PD. One of the most common non-motor features is cognitive impairment, which is several times more likely to occur in PD patients than in age-matched controls. Cognitive impairment in PD often precedes the motor signs by many years, which negatively affects quality of life, increased caregiver burden, and annual economic costs \[[@CR38], [@CR63]\]. Orexin system function impairment has been observed in PD patients, and early sleep impairments occurring in PD are associated with losses in orexin circuitry function \[[@CR25], [@CR26]\]. Furthermore, reduced levels of orexin in cerebrospinal fluid and orexin neuronal losses are detected in the advanced stages of PD \[[@CR24]--[@CR26], [@CR64]\]. Unfortunately, drugs usually used for treatment of PD cause selective loss of orexin neurons. These effects are considered to be due to receptor-mediated presynaptic suppression of glutamatergic excitatory inputs to orexin neurons, leading to chronic silencing of orexin neurons and depletion of orexin \[[@CR65]\]. In our experimental setup, intracranial orexin treatment as well as DREADD-mediated activation of orexin neurons improved performance of A53T mice in the CORT, suggesting that loss of orexin circuitry function impacts cognitive functioning in PD, and that this can be mitigated.

Orexin neurons project to many brain regions involved in the regulation of different, seemingly unrelated functions \[[@CR8], [@CR12], [@CR66]\]. Based on this wide-spread distribution of orexin signaling, the effects of chemogenetic manipulation of orexin neurons are likely due to a combination of direct effects via orexin neuronal projections to the Hipp (through G-protein coupled orexin receptors) \[[@CR12], [@CR13], [@CR67]\], and indirect effects involving different brain regions and accompanying circuitry. One of the structures that mediates indirect orexin effects is the medial septum, as orexin can modulate levels of GABA (gamma-aminobutyric acid) and glutamate neurotransmitters in the Hipp through this structure \[[@CR68]\]. Not only does the medial septum play a major role in rhythmogenesis in the Hipp, these two structures interact reciprocally \[[@CR68]\]. Additionally, together with areas of prefrontal cortex, ventral striatum, amygdala, and ventral tegmental area, the Hipp is a component of reinforcement circuitry. Orexin neurons project directly to this reinforcement circuit and can affect function, and the Hipp can be modulated by orexin neuronal effects on upstream components of the circuitry \[[@CR69]\]. Finally, orexin regulates dopamine signaling in the mesolimbic system \[[@CR70]\]. This is particularly interesting for PD-related research given the predominance of dopamine system impairment in this disease \[[@CR71], [@CR72]\]. The activation of orexin neurons can consolidate impaired Hipp function through any or all of the above-mentioned means.

Orexin also has a role in inflammatory processes. Activation of orexin receptors activate anti-inflammatory factors such as extracellular-signal-regulated kinases and mitogen-activated phosphate kinase \[[@CR73], [@CR74]\]. In addition, pro-inflammatory factors, such as tumor necrosis factor alpha and certain cytokines, impair the function of the orexin system \[[@CR75]\]. Inflammation is a strong modulator of behavior and cognition \[[@CR76]--[@CR78]\], but u the current study the orexin interventions did not have any effects on inflammation present in Hipp of the A53T mice, suggesting inflammation-independent mechanisms of orexin action on Hipp-dependent memory.

This study provided several interesting findings. Early Hipp-dependent memory impairment in A53T mice is accompanied by inflammation and astrogliosis. The orexin cell population in A53T mice is not affected in the early stages of the disease. Both pharmacological orexin intervention and orexin neuron-specific chemogenetic intervention ameliorated Hipp-dependent memory impairment. Chronic orexin intervention (both pharmacological and chemogenetic) did not affect inflammation and astrogliosis in the Hipp of the A53T mice. These findings suggest that A53T mice are a model for early cognitive impairment in PD and that orexin plays a role in Hipp-dependent memory in PD. Importantly, the results imply that the orexin system could be a potential target for addressing early cognitive impairment in PD.
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=========================
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**Additional file 1:** **Figure S1.** DREADD-mediated activation of orexin neurons affect c-Fos expression in the CA1 region of the Hippocampus (Hipp). Representative DAPI, NeuN, c-Fos and merged images of the Hipp CA1 region of the saline treated qDREADD mice (*A,* 20x; *B,* 40x) and CNO treated qDREADD mice (*C,* 20x; *D,* 40x). Every 6th coronal section containing Hipp from − 1.34 to − 2.30 mm from bregma was stained for c-Fos and then analyzed using image J. Densitometry analysis showed increased expression of c-Fos in the Hipp CA1 region of the CNO treated qDREADD mice compared to saline treated qDREADD controls (*n* = 5/group; Student's T test; \*\**p* \< 0.01).
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